The LHC collimation system must adopt materials with excellent thermal shock resistance, high electrical conductivity, geometrical stability, and radiation hardness. Two novel composites, Molybdenum-Carbide-Graphite and Copper-Diamond, are proposed for the LHC collimation upgrade. A postirradiation examination was performed to assess the status of the composites, tested under intense proton beam impacts at the CERN HiRadMat facility. Metrology measurements, computed tomography, and 3D topography allowed to evaluate the localized spallation induced by the beam. This article provides an overview of the thermophysical characterization of the two composites before irradiation and nondestructive postirradiation results.
Introduction
The CERN Large Hadron Collider (LHC) [1] is the largest and most energetic particle accelerator in the world, with two counter rotating proton beams, having a design stored energy of 360 MJ each, circulating in a ring installed in a 27-km long underground tunnel. Superconductive magnets producing an 8.3 T magnetic field, cooled in a bath of superfluid helium, guide the particles over their circular orbit. The two beams are accelerated inside the ring with a radiofrequency system and then brought into collision inside four detectors-ALICE, ATLAS, CMS, and LHCb. The energy stored in the beams will be almost doubled in the next years with the High Luminosity LHC (HL-LHC) upgrade [2] , aimed at increasing the machine performances. In such operational conditions, the unavoidable beam losses could compromise the functioning of other components, e.g. magnets. Therefore, the LHC is endowed with a collimation system [3] , whose main functions are removing stray particles, which would induce quenches in the superconductive magnets, and shielding the other machine components in case of accidental beam impacts. The complete LHC collimation system comprises about 50 collimators per beam. A scheme of an HL-LHC collimator is showed in Figure 1 .
A collimator consists mainly of two movable girders (jaws), contained in an austenitic stainless steel vacuum tank, which are placed at a distance as small as 1 mm from the circulating particle beam axis. The jaw movement along the collimator plane (horizontal in the example of Figure 1 ) is performed by means of an actuation system based on four stepper motors and leadscrews. There is also a vertical movement of ±10 mm given to the full tank through a 5th axis. Each jaw is made of an absorber, the element actively intercepting the beam particles, clamped on a support in oxide-dispersion-strengthened copper (Glidcop V R Al-15), called housing. The total active length of the absorber is up to 1 m, achievable either with a monolithic block of material or by means of adjacent shorter blocks. As will be explained later in this article, since the jaws operate close to the beams, the absorber surface flatness must be extremely small (100 mm over 1 m) to avoid perturbing effects on the traveling protons and to ensure the cleaning efficiency. A cooling circuit, made of CuNi 90-10 alloy and brazed to the housing, permits to limit the temperature reached on the jaws during operation. Notably, the thermal conductance to be achieved by the brazing to ensure an effective cooling performance is 9000 WÁm À2 ÁK À1 . Three plates in Glidcop V R Al-15, arranged in a C-shape around the housing, reduce the bending deformation of the structure induced by thermal and mechanical loads. To improve the efficiency of the collimation system, in the LHC there are vertical, horizontal, and skew collimators, named according to the jaw movement with respect to the beam.
The multistage LHC collimation system is based on a well-defined transverse hierarchy, including primary, secondary, and tertiary collimators, with the jaws opened by an increasing transversal distance from the beam, i.e. aperture. Additional collimators are part of this transverse hierarchy for different purposes, like shower absorbers for magnet protection. The main difference among the collimator categories consists in the absorber materials. Normally, for primary and secondary collimators, which operate closer to the beam and are therefore exposed to higher losses, low-density absorber materials are used. This reduces the energy absorption ensuring higher thermomechanical robustness. On the other hand, for tertiary collimators and shower absorbers, since they are retracted further from the beam axis and in the shadow of primaries and secondaries, denser materials are necessary. They represent the last barrier of protection of delicate components, so robustness is traded for better absorption. Currently, carbon fiber-reinforced carbon (CFC) is adopted for primary and secondary collimators, while the tungsten alloy Inermet V R 180 is used for the tertiaries. Due to the interaction with intense and energetic particle beams, the absorber materials embarked in collimators must withstand extreme conditions of temperature and stress, in particular under accidental impact cases. This means that collimator materials must satisfy a wide range of requirements that can be quantified in terms of thermomechanical properties [4] . Specifically, thermal conductivity and specific heat must be high to guarantee geometrical stability under slow losses. The melting temperature should be high as well, to allow the material to survive the accidental case conditions. On the other hand, coefficient of thermal expansion and density should be low, to increase the thermal shock resistance and to limit the peak energy deposition, respectively. Moreover, additional requirements include high electrical conductivity, machinability, radiation hardness, and low magnetic susceptibility. No existing material fully satisfies all these conflicting requirements, which will be even more demanding under the HL-LHC upgrade. Therefore, a far-reaching R&D activity was launched at CERN to develop novel materials suitable for collimation applications. The purpose was to combine the properties of graphite or diamond, in particular low density, high thermal conductivity, and low thermal expansion, with those of metals or transition metal-based ceramics, such as high mechanical strength and good electrical conductivity. Among the materials studied in the framework of this R&D activity [5] [6] [7] , the most promising ones were Molybdenum-Carbide-Graphite (MoGr) and Copper-Diamond (CuCD). Both materials were comprehensively characterized from a thermophysical point of view, in the Mechanical Measurement Laboratory at CERN. Moreover, they were tested under high-energy beam impact in the HiRadMat facility [8] at CERN, to assess their behavior in the real conditions expected in the LHC. These two materials are currently baseline options for HL-LHC collimators [2] , in particular MoGr for primaries and secondaries, while CuCD, because of its higher density, for tertiary collimators.
Novel collimator materials
In this section, details concerning the two novel materials proposed for the HL-LHC collimators will be presented, together with the results of their thermophysical characterization.
Molybdenum-Carbide-Graphite
Molybdenum-Carbide-Graphite ( Figure 2 ) was co-developed and patented by CERN and an Italian company, Brevetti Bizz. It is a sintered material obtained starting from powders of graphite, molybdenum, carbon fibers, and/or titanium depending on the grades [9] . In particular, in the grade described in this article and tested in HiRadMat (MG6530Aa according to the naming conventions defined in [9] ), only carbon fibers are added, while titanium is not present. The powder mixture consists of graphite spheroidal flakes with an average diameter of about 30 mm, molybdenum particles with an average size of 5 mm and carbon fibers with a diameter of 10 mm and a length of 250 mm. The percentage in volume of each constituent is reported in Figure 1 . Scheme of a HL-LHC collimator (left) and transverse cross section of the collimator jaw (right). Table 1 , together with the parameters of the sintering and postsintering thermal treatment processes.
The powder mixture is compacted at room temperature in a green body, then sintered by means of Spark Plasma Sintering (SPS). This technique implies the use of electric current through the sintered material and mold to generate heat. The material is produced by liquid-phase sintering, at a temperature slightly above the melting temperature of the carbides (2589 C), formed by Molybdenum-Carbon reaction at high temperature. After sintering, a stress relieving heat treatment at a temperature exceeding 2000 C for almost 1 h is performed. As a result, the material is orthotropic. It is made of a graphite matrix, whose basal planes are oriented perpendicularly to the direction of the pressing force, with a dispersion of molybdenum carbide particles. Molybdenum carbides improve the bonding between graphite planes, thus reducing the anisotropy of the composite. A summary of the thermophysical properties is reported in Table 2 , together with those of CuCD [10] .
Copper-Diamond
Copper-Diamond ( Figure 3 ) is a composite material developed by the Austrian company RHP Technology by solid-state sintering with SPS technique [11] . Due to the low chemical affinity between copper and diamond, a third element, boron in this case, is added as binder. During the sintering process, this element promotes the formation of carbides at the copper-diamond interface, improving the material internal bonding. The quantity of diamond must stay below a threshold value to ensure a good compaction of the material. With this purpose, diamond particles with different sizes were used in the powder mixture. In particular, 90% of the total amount has dimensions of about 100 mm and the remaining 10% of around 40 mm. Finished components made of this material are usually produced using a sandwich setup, meaning a metallic copper layer up to 100 mm on the external surfaces, and the copper-diamond composites in the bulk. This softer copper cladding enables dimensional tolerances and surface finishes to be achieved more easily. The initial composition of the material, together with the production process parameters, is reported in Table 3 .
Materials under beam impact
The collimator materials in operation are impacted by highenergy circulating particles. These particles transfer their kinetic energy to the material under the form of thermal energy. In nominal conditions, only the stray particles of the beam are intercepted by the absorbers, thus entailing a steady thermal load on the material. On the other hand, in accidental case scenarios it can happen that the full beam impacts the collimator. In this case, the interaction time is typically very short (few ms), and therefore the dynamic structural response of the absorber is excited. In these conditions, stress and shock waves generate and propagate through the structure.
Theoretical aspects
Let us consider the case of a thick target, for example a collimator block, impacted by a particle beam. The pulse induces a local temperature and pressure increase inside the material, with a possible phase change. A compressive cylindrical wave is developed, propagating radially with a velocity U. The amplitude wave decays while traveling in the surrounding material, as the energy is spread over an increasing volume. When the compressive wave reaches a free surface, it is reflected into a tensile one. Three main scenarios may occur, as schematically shown in Figure 4 . Condition A: in case of impact close to a free surface, the compressive wave turns into a tensile wave after reflection at the free edge and may provoke spallation fracture, if the spall strength of the material is exceeded. Condition B: in case of impact further from the surface or high spall strength material, only plastic deformation arises at the free surface. Condition C: in the particular case of a grazing impact with a phase change induced in the material at the free surface, microspall, and/or microjetting take place. When the liquid surface reflects the pressure wave, the tensile stresses arising cannot be sustained by the material, which is pulverized into minuscule droplets (microspalls). If the surface remains solid but the inner pressure of the liquid or gas volume is high enough to provoke its fracture, a spray of liquid, gas, and solid particles is ejected from the surface (microjetting) [12] .
To predict the response of collimator materials in operation, two complementary techniques can be adopted: numerical simulations and experimental tests. These methods should be used in parallel, in particular when extreme conditions of pressure, temperature, and strain are expected.
Numerical methods
Numerical techniques make use of material models built with the properties derived from laboratory characterization, such as those shown in Table 2 . The method consists of a chain of simulations including an energy deposition code, e.g. FLUKA [13] or GEANT4 [14] , and a finite element (FE) code, e.g. ANSYS [15] and Autodyn [16] .
The energy deposition codes, based on a Monte Carlo method, calculates the thermal energy deposited by the particle beam on a target. The code provides the specific energy in GeV/cm 3 calculated at each element of the finite element mesh and normalized to one proton. This needs, then, to be scaled according to the total particle intensity of the beam. When a beam impacts a target, the beam particles interact both with electrons and nuclei of the target material. The beam-nuclei interaction generates secondary particles, called particle shower that may in turn be absorbed by the material. Therefore, the energy deposition is a material-dependent feature. High density and high atomic number materials have high energy stopping power and thus high energy density will be induced during the impact.
The thermal energy maps produced by energy deposition codes are then imported as an input for the dynamic finite element simulations, performed with ANSYS or Autodyn, to evaluate the material thermomechanical response. ANSYS implicit is typically adopted for the cases involving a negligible density change, which can be treated to a good approximation with a simplified, linear equation of state. Autodyn, on the other hand, is an explicit FE code particularly suitable in more extreme scenarios, encompassing a relevant change of temperature, density and pressure. The code is particularly powerful when simulating the shockwave regime, as well as in the cases of material explosion/fragmentation, which can be well treated with the Smoothed-Particle Hydrodynamics (SPH) method. Examples of such simulations are presented in [12] .
Experimental techniques
The experimental testing of materials under beam impact can be performed in facilities such as High irradiation to Materials (HiRadMat) at CERN, in which it is possible to irradiate targets with high-intensity proton and ion beam pulses. The facility uses the beam extracted from the CERN Super Proton Synchrotron, the injector of the LHC that can currently reach, in the case of a proton beam, a maximum stored energy of 2.6 MJ at 440 GeV and a pulse length of 7.2 ms. Different impact scenarios, with variable energy densities, can be explored by changing the beam intensity (i.e. number of particles) and the beam size spot at the target. The density of the impacting beam, in the plane orthogonal to the propagation direction, follows a Gaussian distribution. The parameter r is its standard deviation and defines the beam transverse size. The HiRadMat allowable r-range is 0.1-2 mm.
HRMT-23 experiment
In 2015, an experiment, named HRMT-23, was carried out with a special setup ( Figure 5 ) that allowed testing three different full-scale collimator jaws [17] . In particular, a standard LHC collimator jaw in CFC and two HL-LHC collimator jaws in MoGr and CuCD. The former was made of a monolithic absorber block, 1 m long. The latter ones, instead, were made of eight blocks, 125 mm long each, in case of MoGr and 10 blocks, 100 mm long each, in case of CuCD. The experiment had a double purpose: to test the new collimator design and absorbers [18] , as well as to gather significant information on the thermomechanical response of the recently developed materials, in order to benchmark the constitutive models implemented in the numerical simulations. A stainless steel tank contained the three jaws vertically stacked, maintaining them under vacuum (p .001 mbar). The tank was provided with three radiation-hard optical windows, which allow visual inspection of the jaws. A movable table connected to the jaw assembly ensured a horizontal movement up to 35 mm, to allow impacting the target at different depths from the absorber free surface. Besides, vertically, a movement of the whole tank with a stroke of ±140 mm permitted to choose the jaw to be impacted. An extensive instrumentation system was used to record online signals and to collect the data for offline postprocessing analyses. The instrumentation included strain gauges, temperature and ultrasound probes, optical microphones, water pressure sensors, optical fibers, high-speed, and high-definition cameras, as well as a laser-Doppler vibrometer. The mass of the test bench resulted to be roughly 1600 kg, with dimensions 1.2 Â 0.4 Â 2.1 m 3 . A total of 150 impacts, piling up 1E15 protons, was performed on the three jaws at increasing beam intensity (higher stored energy), to simulate both nominal operation conditions and accidental design case scenarios. Progressively increasing the beam intensity allows assessing the onset of material damage.
Depending on the collimator family, the design scenarios, in terms of accidental particle beam impact, are different. In the case of primary and secondary collimators (MoGr), the scenario foresees a direct impact of a particle pulse with stored energy equivalent to roughly 4.6 MJ. For tertiary collimators (CuCD), the design case is less demanding, as a direct impact can physically occur only for pulses with maximum stored energy of about 0.26 MJ.
During the experiment, the CuCD jaw was tested with a total of 18 pulses at high intensity, all with a vertical offset within ±5 mm with respect to the center of the absorber. Most of the impacts were close to the surface, with a horizontal offset of g x ¼ À0.18 mm (according to the reference system reported in Figure 1) . 10 of the 18 pulses had a stored energy even higher than the accidental case scenario specified for the design of tertiary collimators. The MoGr jaw, instead, was impacted by 15 high intensity shots, with a maximum vertical offset of g y ¼ À6.5 mm and three main horizontal offsets g x ¼ À3.05 mm, À1.83 and À0.30 mm. The sigma of the beam was kept constant at 0.61 mm and the intensity of the beam was progressively increased. In addition, three shots with a more focused beam, with a 0.35 mm Figure 5 . HRMT-23 experiment setup. sigma, were also performed at the highest intensity. The pulses were vertically centered, but with a decreasing depth, g x ¼ À1.75 mm, À1.05 mm and a grazing impact at À0.18 mm. The beam was focused in order to match and, in some case, exceed the HL-LHC energy density on the target, producing a comparable local response. Indeed, due to the experimental configuration of the HiRadMat facility, it is currently not possible to produce pulses with total stored energy equal to the design scenario foreseen for primary and secondary collimators. Notably, the maximum total energy achievable is about 60% of the 4.6 MJ involved in that scenario. The most relevant high-intensity shots for both materials are reported in Table 4 , with the main beam parameters.
Postirradiation examination results
After the experiment, the tank was transferred to a storage area and then opened in the end of 2016, when the dose rate decreased down to few mSv/h. After a first visual inspection of the components, while the experiment was disassembled, in 2017 an extensive nondestructive test campaign was performed to assess the status of the collimator jaw components. The three absorbers material (CFC, MoGr, CuCD), downstream and upstream transitions, housing and cooling pipes were studied with different techniques. Herein, only the results concerning the new absorber materials, MoGr and CuCD, will be presented. Several measurements were carried out with the aim of investigating possible internal defects induced in the materials by the beam, not detectable from visual inspection, as well as quantifying visible damage. This is particularly important to benchmark the material constitutive model implemented in numerical simulations. Since the material used for collimator absorbers are advanced composites mostly created and developed ad hoc for this purpose, they are lacking literature data. The available ones allow the development of strength models independent of temperature and strain rate, which are on the contrary relationships necessary for the reproducibility of the physical conditions induced by the beam.
Postirradiation analysis for the CuCD blocks
In the CuCD jaw, as visible in Figure 6 , signs of damage and plastic strain are quite evident especially on the copper cladding. Indeed, copper, having higher density than the bulk CuCD material (8.9 versus 5.4 g/cm 3 ), experiences higher energy absorption during the beam impact. For this reason, the pulses close to the free surface are certainly the most critical ones, inducing high energy densities in the copper layer.
Several pulses, at high intensity and different positions on the surface (g y ) and depth (g x ) of the absorbers, were performed with the purpose of evaluating different failure mechanisms. It is interesting to note that according to the depth of the impact, the damage induced into the material is different, as qualitatively introduced in Section 3.1. In particular, while low-depth shots or grazing pulses are responsible for spallation, microspallation, and microjetting, e.g. label a in Figure 6 , high-depth impacts rather induce global plastic deformation and fractures on the free surface of the absorber, e.g. label b and c in Figure 6 . Therefore, different nondestructive techniques were used to quantify both extensive damages, i.e. plastic deformation, and localized ones, i.e. grooves and scratches.
The plastic deformation induced on the free surface of the absorbers was quantified with a measurement of flatness of each block. The measurements were performed in the metrology lab at CERN with the optical machine ZEISS O-INSPECT 863. Figure 7 shows an example of the results obtained on the fifth block, the most damaged. As visible, the effect of the beam is quite evident on the middle part of block, between ±5 mm from the central axis, where all the pulses focused. This was observed for all the blocks, at least those presenting damages.
In Figure 8 (left), the flatness values measured for each block (red squares) are plotted as a function of the total absorber length, with 0 mm corresponding to the upstream of the first block and 1000 mm to the downstream of the tenth block. The flatness variation progressively increases moving from the upstream to the downstream region of the collimator, reaching a maximum in correspondence of half the length and then decreasing again. The maximum variation of flatness measured on the fifth block is around 1 mm, which is significant considering the tolerance of 100 mm, requested per specification for the LHC collimator absorbers. However, it has to be noted that the flatness change of CuCD is the result of 18 high intensity consequent impacts, including some pulses with intensity even higher than those occurring in the LHC and used as design scenarios. Images taken online immediately after the nominal accidental scenario for CuCD collimators showed a rather intact structure. This confirms that most of the damage took place in the successive higher intensity shots, performed to explore the damage threshold of the collimator material. This is defined as the maximum equivalent energy producing a damage recoverable through the 5th axis.
In the same plot, the energy density and total energy per longitudinal section estimated by energy deposition code is reported for comparison. The simulated pulse features a total energy of 1.22 MJ, sigma equal to 0.61 mm and an offset g x ¼ À3.05 mm (shot #5 in Table 4 ). As visible, the trend of the damage experienced by the absorbers over the length is quite well in agreement with the one of the total energy Table 4 . Main shots recalled in the text for CuCD and MoGr. E tot is the stored beam energy, r is transverse size of the beam, g x and g y are the horizontal and vertical beam impact coordinates with respect to the reference system as defined in Figure 1 Impact identifier deposition. This is reasonable, since the plastic deformation is a widespread damage rather than localized and therefore lies with the total energy stored in the material, instead of the energy density. However, it is important to point out that the change in flatness is most likely a cumulative damage induced by several impacts at high intensity and not only the specific impact considered for this comparison. Therefore, the maximum value of the total energy do not coincide perfectly with the maximum measured flatness variation. Although the cumulative damage induced during the experiment in the CuCD jaw is significant as seen in Figure 7 , the functioning of the collimator could be guaranteed thanks to the 5th axis. By moving vertically the jaw of ±10 mm from the damaged area, it would be possible to expose to the beam a fresh surface of the absorber with Table 4 , are reported in both plots for comparison.
lower flatness variation. Indeed, for the CuCD jaw, the damage threshold resulted to be about 1.22 MJ for a beam with r ¼ 0.61 mm.
Other interesting measurements were carried out to quantify dimension and position of the localized damages both on the free surface of each block and on the lateral faces. With the same optical machine used for the flatness measurements, ZEISS O-INSPECT 863, diameter and position of the craters appearing on the lateral surfaces of the blocks were estimated. Figure 9 reports the measurements performed on the fourth block, as an example.
As visible from the lateral surfaces of the fourth block, one can see two small damaged areas created by the pulses close to the surface (shots #2 and #3 in Table 4 ) and the predominant one, cumulative consequence of two impacts with the highest intensity at a depth of À3.05 mm from the surface (shots #4 and #5). The damages on the lateral surfaces of the blocks are substantial, but not unexpected. Indeed, microjetting and microspallation from the lateral surfaces of the blocks were recorded already online during the experiment with the high-speed camera.
The size of the predominant crater measured in correspondence of the upstream and downstream faces of each block is reported in the right plot of Figure 8 (red diamonds). The data are compared with the total energy and energy density for one of the two shots that induce the damage, the highest in terms of beam stored energy, 1.22 MJ (shot #5 in Table 4 , energy five times higher than damage threshold). Although this is a quite localized damage, the trend of the crater dimensions over the total length of the absorbers is in good agreement with the one of the total energy deposition of the impact. Indeed, with such high intensity shot, the induced damage is wide. This means that the spall strength of the material is exceeded in a large volume and therefore the total amount of energy deposited into the absorber plays a key role with respect to the peak of the energy density.
3D topography measurements were performed on the free surface of the blocks with VEECO-NT3300 to quantify grooves and scratches. Three regions were selected for the measurements, upstream, middle and downstream part of the blocks. For each region, a portion of material with dimensions 1.2 Â 10/13 mm, centered on the longitudinal axis of the block, was considered. Figure 10 shows an example of the upstream and downstream profiles scanned on the second block. One can clearly observe the two scratches at g y ¼ ±5 mm from the center, results of two pulses at depth g x ¼ À0.18 mm. In addition, the downstream profile shows the plastic deformation induced into the copper cladding in the center of the block.
The values of the maximum depth of the groove at g y ¼ À5 mm (impact #3 Table 4), measured on the first four absorbers (after the damage vanishes) are plotted in Figure 11 , together with the energy and energy density. Since the impact is close to the surface (depth g x ¼ À0.18 mm), in this case the energy values are referred to the copper layer which covers the block, simulated together with the bulk CuCD core. Copper has higher density than CuCD and higher stopping power, as well. Therefore, as visible in the plot, the peak of the energy density moves towards the upstream region of the absorber full length. In particular, for the current case the maximum value appears on the second block, about 100 mm upstream of the case shown in Figure 8 .
It is interesting to note that the trend of the damage over the length of the absorbers follows the energy density profile, as expected in case of localized damage as the considered one. In fact, this type of damage is produced by energy densities leading to stresses locally exceeding the material strength. Table 4 : crater 1, pulse #3; crater 2, pulse #2; crater 3, pulses #4 and #5.
Postirradiation analysis for the MoGr blocks
From the post mortem visual inspection, the MoGr blocks appeared considerably less damaged than the CuCD ones. Traces of the effect of the beam were limited to superficial deformation and/or local color change on the free surface of the absorbers. Moreover, on the lateral surfaces of the blocks no damage was detected for any beam impact conditions. This is an excellent result in view of the deployment of the MoGr choice as the HL-LHC baseline.
Although the effects of the beam impacts were almost imperceptible, nondestructive tests were carried out to try to quantify them and to detect potential internal damages.
Therefore, for MoGr blocks, measurements of flatness, 3D topography and computed tomography (CT) were performed. The latter test was carried out only on MoGr blocks, since the higher density of CuCD limits the penetration of X-rays in samples with dimensions as the collimator block.
After the experiment disassembling, four MoGr absorbers were selected as the most interesting ones for the measurements: the first three blocks, showing the highest energy density, and the last one, which was loaded with the highest total energy (Figure 13 ). The remaining four blocks were coated with molybdenum and copper layers, and re-used for another HiRadMat test, not in the scope of this article. Figure 12 shows the results of the flatness measurements performed on the second block, the most loaded in terms of energy density. A picture of the block is reported for comparison, to show the defect investigated with metrology measurements.
As visible, the free surface is considerably less damaged with respect to the case of CuCD blocks. The values of the flatness variation are in the order of mm, with respect to the mm-order-of-magnitude of the CuCD case. The effect of the beam is visible only in the center of the absorber, corresponding to the position where the material was impacted with the three highest intensity shots at low depths and with a focused beam (shots #6, #7, and #8 in Table 4 ). This is consistent with the fact that the most severe impact scenarios are those close to the free surface, as the stress wave generated by the thermal load is immediately reflected into tensile wave, with possible local spallation and pseudo-plastic deformation. Far from the free surface, the amplitude of the tensile wave quickly decreases because of the cylindrical . 3D topography results for the scratch at g y ¼ À5 mm on CuCD blocks. The absolute value of the depth is plotted, together with the total energy and the energy density (courtesy of E. Skordis) for shot#3 in Table 4. decay and internal friction, such that the amplitude of the tensile wave once generated on the surface of the material is less intense.
Similarly to the CuCD case, the values of the block flatness are plotted as a function of the total length of the active part of the jaw, together with the energy and the energy density ( Figure 13 ). The simulated pulse is the number 6 in Table 4 (centered with an offset of g x ¼ À1.75 mm, sigma equal to 0.35 mm and a total energy of 2.65 MJ). Although the flatness measurements are more representative in case of an extensive damage, the trend of the values, despite the few points available, follows the longitudinal profile of deposited energy, as expected, since the damage is localized. Concerning this point, it is necessary to highlight that the peak value of the energy density reached for MoGr is lower than for CuCD (8E8 versus 4E9 W/cm 3 ), consistent with the different density of the material, in spite of the highest pulse intensity. Moreover, MoGr has lower coefficient of thermal expansion and higher melting temperature compared to CuCD. As a consequence, also the damages induced in the two materials are different, with MoGr being able to absorb a higher number of protons without significant damage, as requested for its use in primary and secondary collimators.
The 3D topography measurements provide quantitative information of localized defects with high precision. Figure 14 shows the results of the measurements carried out on the second block, the most loaded in the terms of energy density. It is interesting to note that the beam impact does not produce a scratch (negative values), as a height of 12-13 mm (positive values) was measured on the surface. This means that no spallation took place, implying that the stress generated was below the spall strength. However, the energy level was enough to induce a pseudo-plastic expansion in the material.
Since the effect of the beam on the surface seemed to be minor already from the preliminary visual inspection, roughness measurements were carried out, on a portion of material with dimension 7 Â 7 mm far from the impacted region, for comparison. The surface roughness (R a ) of the MoGr is about 1.5 mm for the second block. This value is not negligible if compared to the height of the defect induced by the beam and therefore, it can be considered as the mean error of the measurements. As a result, one can conclude that after 15 high intensity impacts, the most loaded MoGr absorber reported a superficial defect of 12.5 mm ± 12%. This is a positive result, considering the 100 mm of flatness required per specification in operational conditions.
The surface traces were too small to be detected by computed tomography with ZEISS METROTOM equipment, for which a resolution of 26 mm was adopted while scanning the full block. However the images allow important observations concerning the structure of the bulk. From Figure 15 , it is possible to observe some agglomerate of molybdenum carbides, most of them with ellipsoid shape and dimensions in the order of few mm. Carbide agglomerates were observed in other pristine samples of the same grade and in the most recently developed ones, as well. In the latter, however, the agglomerates present a spheroidal shape with a consequent lower anisotropy of the material. Moreover, some small Figure 13 . Results of flatness measurements on MoGr blocks. The data are plotted with the energy and energy density (courtesy of E. Skordis) for shot #6 in Table 4 . cracks or voids appear in correspondence of the carbide agglomerates. The most relevant (total volume of 2.84 mm 3 ) was found in the first block. However, their distribution is quite random in the bulk and not focused in the region close to the free surface of absorber, where the beam impacted. Therefore, these cracks can be unlikely attributed to a beam effect, but rather they are believed to be defects generated during the manufacturing process that, at the time of the experiment, was not optimized yet. Overall, the four blocks did not report any internal damage induced by the beam.
Conclusions
The results of an extensive nondestructive test campaign performed on two novel materials, MolybdenumCarbide-Graphite and Copper-Diamond, proposed for the future HL-LHC collimators, were presented.
The materials were developed in the framework of an R&D activity that fostered collaboration between CERN and external companies. For a full validation, in addition to a thermophysical characterization of pristine samples, the materials were tested under high intensity beam impacts in the CERN HiRadMat facility. The aim was to assess the behavior of new composites under extreme conditions, covering design failures for LHC and HL-LHC. The beam impact test was successful and the materials survived to 15, in case of MoGr, and 18, in case of CuCD, high intensity shots reproducing the respective operative conditions and accidental case scenarios.
After irradiation, a post mortem examination was performed, including different nondestructive techniques, such as detailed visual inspections, metrology measurements, 3D topography, and computed tomography (CT). The measurement results were compared qualitatively with the simulated profiles of beam energy computed for each specific shot. From the results herein discussed, the following preliminary conclusions can be drawn.
The damage induced in the CuCD during the test was quite extensive, since the intensity reached in several pulses exceeded the one of the accidental design scenario. This material is considered a future upgrade of the LHC tertiary collimators made of Inermet V R 180. Significant damage was observed for beam intensity five times higher than the design scenario; based on previous beam impact experiments on Inermet V R 180 collimators [19] , the increase in thermomechanical robustness guaranteed by CuCD is at least a factor of 14 (threshold of damage 1.22 MJ instead of 0.087 MJ).
Two different types of damage were identified, as a result of different impact depths. Low depth or grazing pulses induced localized damages, i.e. scratches and grooves mainly localized on the most upstream blocks of the jaws, within about 300 mm from the impact location. In this case, the beam particles are absorbed mainly by the copper cladding, which has higher density than the core material, CuCD, and therefore reaches high energy density values in the upstream region. Indeed, the trend of the scratch-depth profile as a function of the distance from the impacting location is in good agreement with the longitudinal profile of the energy density deposition simulated on the copper cladding.
On the other hand, high-depth pulses induced plastic deformation on the free surface of the absorbers. This is attributed to the tensile waves generated on the free edges of the material after reflection of the compressive ones induced by the beam impact. The flatness variation reached values as large as 1 mm in the most loaded block. However, this is a cumulative effect of several high intensity beam shots. In a collimator, it would be possible to expose a flatter area to the beam by exploiting the 5th axis. Significant damages were induced on the lateral free surfaces of the absorbers, as well. Local melting was induced in the impacted region, creating craters with a maximum diameter of about 6 mm, in the most loaded block. In this case, the results reflected the trend of the total energy stored into the material during the shots rather than the one of the energy density.
The MoGr presented minor damage, even though the beam impacts were equivalent in terms of energy density to the accidental scenarios of primary and secondary collimators. In this case, it was not possible to determine a threshold of damage for the material since the energy density reached the maximum exploitable by HiRadMat facility. Traces of the beam effects were limited to superficial deformation, focused on the center of the blocks, where the three high-intensity shots were performed. 3D topography allows the estimation of the deformation that results in the order of 12.5 mm on the most loaded absorber. From computed tomography no internal damages induced by the beam were detected in the four blocks. The absorbers presented agglomerates of molybdenum carbides with an ellipsoidal shape, likely generated during the manufacturing process. In some case, cracks or voids originated from the agglomerates due to the high stress concentration at the ellipsoid sharp edges.
